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This  paper  presents  an  experimental  and  analytical  study  on  incorporation  of  thermoelectric  modules 
with  glass  evacuated-tube  heat-pipe  solar  collectors.  The  integrated  solar  heat-pipe/thermoelectric 
module  (SHP-TE)  can  be  used  for  combined  water  heating  and  electricity  generation.  The  experi¬ 
mental  prototype  unit  comprises  a  glass  evacuated-tube,  a  heat-pipe  and  a  thermoelectric  module  with 
its  one  side  attached  to  the  condensation  section  of  the  heat-pipe  and  other  side  attached  to  a  water 
channel.  The  heat-pipe  transfers  the  solar  heat  absorbed  within  the  glass  evacuated-tube  to  the  ther¬ 
moelectric  module.  Under  the  condition  of  given  solar  irradiation  and  water  temperature,  the  current, 
voltage  and  power  outputs  of  the  thermoelectric  module  are  given  for  variable  external  electrical 
resistance.  An  analytical  model  of  the  prototype  unit  is  presented  to  relate  its  thermal  and  electrical 
efficiencies  with  the  solar  irradiation,  ambient  temperature,  water  temperature,  areas  of  the  glass 
evacuated-tube  and  the  thermoelectric  module,  and  the  length,  cross-section  area  and  number  of 
thermoelements  in  the  thermoelectric  module.  The  analytic  model  is  validated  against  the  experimental 
data  before  it  is  used  to  optimize  the  design  and  operating  parameters  of  the  prototype  for  combined 
water  heating  and  additional  electricity  generation. 

©  2011  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

The  pressing  issue  of  the  diminishing  reserve  of  fossil  fuels  and 
environmental  pollution  caused  by  its  combustion  has  stimulated 
the  fast  growth  of  the  solar  water  heating  market  at  an  average 
annual  growth  rate  of  about  30%.  China  is  in  a  leading  position  in 
production  and  installation  of  solar  water  heating  systems.  By 
2006,  the  annual  production  of  solar  collectors  had  exceeded  20 
million  m2  and  the  total  installation  had  reached  90  million  m2  [1  ]. 
Thanks  to  its  feature  of  high  efficiency  and  anti-freezing,  the 
evacuated-tube  solar  collector  has  become  the  most  popular  design 
for  solar  water  heating  in  the  past  decades.  The  evacuated-tube 
solar  collectors  currently  take  more  than  80%  of  solar  water  heat¬ 
ing  market  [1].  The  glass  evacuated-tube  solar  collectors  have 
better  thermal  efficiencies  at  the  higher  temperature  than  the 
conventional  flat-plate  solar  collectors  and  they  are  suitable  for 
applications  at  the  temperature  of  above  80  °C  [2].  Zambolin  and 
Del  Col  [3]  have  experimentally  compared  the  evacuated-tube  and 
flat-plate  solar  collectors.  The  efficiency  curve  of  the  evacuated- 
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tube  solar  collector  was  much  flatter  than  the  flat-plate  solar 
collector.  The  average  water  temperature  at  the  crossover  point  of 
the  two  efficiency  curves  is  46.6  °C  for  the  solar  irradiance  of 
700  W/m2  and  the  ambient  temperature  of  20  °C.  When  the 
average  water  temperature  is  increased  from  50  °C  to  90  °C,  the 
thermal  efficiency  of  the  evacuated-tube  solar  collector  decreases 
from  about  60%  to  50%  [4].  On  the  other  hand,  the  water  temper¬ 
ature  is  usually  required  in  the  range  of  35-50  °C  for  domestic  hot 
water  or  space  heating  [4].  These  imply  that  with  a  small  expense  of 
its  thermal  efficiency,  an  evacuated-tube  solar  collector  may  be 
used  at  a  higher  temperature  to  drive  a  combined  water  heating 
and  power  generation.  One  attractive  option  is  to  incorporate  the 
evacuated-tube  solar  collectors  with  thermoelectric  modules  to 
produce  additional  electricity  besides  its  hot  water  production. 
Compared  with  solar  heat  driven  mechanical  power  generation, 
thermoelectric  modules  are  much  more  suitable  for  small-scale 
applications  as  they  are  reliable,  light  and  compact,  and  have  no 
mechanical  moving  parts.  They  are  also  friendly  to  the  environment 
as  no  working  fluid  is  used. 

Though  the  relatively  low  conversion  efficiency  is  a  drawback, 
there  has  been  still  a  growing  interest  recently  to  use  thermo¬ 
electric  modules  for  electricity  generation  from  waste  heat  of 
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various  sources  when  the  reliability  and  compactness  are  the  main 
consideration  [5-8].  Research  on  system  optimization  and  perfor¬ 
mance  improvement  of  thermoelectric  generators  (TEG)  for  waste 
heat  recovery  has  been  reported  in  a  number  of  publications 
[9-13].  In  a  study,  the  cost  of  electricity  produced  by  TEG  from 
waste  warm  water  is  predicted  to  be  £  0.08/kWh  and  even  to  be  £ 
0.04/kWh,  which  can  challenge  the  cost  of  electricity  produced  by 
conventional  methods  from  fossil  fuels  [12].  On  the  other  hand, 
solar  heat  driven  TEG  is  emerging  as  a  competing  alternative 
technology  to  the  dominating  solar  photovoltaic  (PV)  systems. 
Though  as  its  low  conversion  efficiency  compared  to  PV,  solar- 
driven  TEG  technology  still  attracts  increasing  attention  as  other 
simple  and  competitive  way  to  produce  electricity  from  solar 
energy  [14—18].  In  fact,  the  low  conversion  efficiency  may  be  not 
a  serious  barrier  for  use  of  the  free  and  friendly  solar  energy.  With 
the  decreasing  price  of  thermoelement  materials,  the  solar  heat 
driven  TEG  technology  would  become  more  attractive.  The 
performance  of  the  TEG  in  a  hybrid  PV-TEG  system,  where  the  TEG 
operates  independently  as  a  secondary  generator  to  improve  the 
overall  efficiency  of  the  system,  has  been  studied  [18,19].  Typically, 
the  thermal  conductivity  of  a  TEG  is  about  1.5  W/mK  and  the  depth 
of  commercial  TEG  is  about  4  mm  (including  the  ceramic  electric 
insulation),  so  the  heat  flux  through  a  TEG  could  be  higher  than 
20000  W/m2  for  a  temperature  difference  of  60-100  K.  However, 
the  solar  irradiation  is  usually  less  than  1000  W/m2,  which  is 
obviously  too  low  to  match  the  required  heat  flux  of  a  TEG  to  obtain 
a  sufficient  temperature  difference  for  a  considerable  efficiency. 
Circulation  of  a  heat  transfer  medium  such  as  water  or  oil  is 
a  simple  way  to  accumulate  the  collected  solar  heat  and  deliver  it  at 
a  high  heat  flux  to  match  the  operation  of  a  TEG.  Solar  concentra¬ 
tion  represents  another  ways  to  obtain  a  high  flux  of  solar  heat  for 
operation  of  a  TEG.  Some  researchers  have  investigated  use  of 
a  line-focus  parabolic  trough  (PTC),  a  Compound  Parabolic 
Concentrator  (CPC)  or  a  two-stage  concentrator  to  provide  high 
density  of  solar  radiation  so  as  to  give  a  high  heat  flux  across  the 
TEG  [15-17].  However,  A  CPC  usually  has  a  concentration  ratio  of 
less  than  5,  which  is  still  too  low  to  match  the  required  heat  flux  of 
a  TEG,  so  it  needs  to  be  used  along  with  a  circulation  system.  Solar 
tracking  parabolic  concentrators  can  easily  give  a  much  larger 
concentration  ratio,  but  the  cost  of  a  tracking  system  could  be 
a  barrier.  Use  of  a  liquid  circulation  system  to  transfer  solar  heat  to 
a  TEG  is  simple,  but  a  larger  temperature  change  of  the  liquid  is 
required  to  carry  a  certain  amount  of  heat,  and  electricity 
consumption  of  the  circulation  pump  and  heat  loss  of  the  circula¬ 
tion  system  are  other  concerns. 

Direct  incorporation  of  a  thermoelectric  module  with  a  heat-pipe 
type  evacuated-tube  solar  collector  may  offer  an  attractive  design  to 
overcome  the  drawbacks  of  using  a  water  circulation  system.  In  fact, 
converting  low  heat  flux  to  high  heat  flux  is  the  one  of  main  func¬ 
tions  of  a  heat-pipe  by  changing  the  ratio  of  evaporator  area  to 
condenser  area  at  an  almost  constant  temperature.  Therefore,  this 
paper  will  investigate  incorporation  thermoelectric  modules  with 
evacuated-tube  heat-pipe  solar  collectors  for  combined  water 
heating  and  additional  electricity  generation.  Design,  testing  and 
performance  analysis  of  a  prototype  system  will  be  presented. 

2.  Mathematical  model 

Incorporation  a  thermoelectric  module  with  a  glass  evacuated- 
tube  heat-pipe  solar  collector  is  shown  in  Fig.  1.  An  integrated 
solar  heat-pipe/thermoelectric  module  (SHP-TE)  consists  of  a  glass 
evacuated-tube,  a  heat-pipe  with  heat  transfer  fin  and  a  thermo¬ 
electric  module.  The  A-A  cross-sectional  view  shows  the  details  of 
the  thermoelectric  module  and  the  condenser  section  of  the  heat- 
pipe.  A  copper  plate  is  soldered  to  the  condenser  of  the  heat-pipe  in 


Fig.  1.  The  schematic  diagram  of  an  integrated  SHP-TE  system. 


order  to  enhance  heat  transfer,  and  the  thermoelectric  module  may 
be  bonded  to  the  copper  plate  tightly  using  silicon  grease.  The  B-B 
cross-sectional  view  shows  the  detailed  structure  of  the  double¬ 
skin  glass  evacuated-tube  with  the  heat-pipe  being  inserted.  The 
evacuated  space  is  between  the  inner  glass  tube  and  the  outer  glass 
tube.  Attached  to  the  inside  surface  of  the  inner  glass  tube  is  a  thin 
copper  cylinder  with  a  cross  fin  which  is  in  a  close  contact  with  the 
heat-pipe.  Solar  radiation  is  absorbed  on  the  coated  copper  cylinder 
and  solar  heat  is  transferred  to  the  heat-pipe  through  the  cross  fin. 
This  design  configuration  has  become  popular  because  it  provides 
an  assembling  convenience.  The  heat-pipe  has  a  much  shorter 
condenser  section  than  its  evaporator  section,  so  the  heat  flux  is 
much  higher  at  the  condenser  section.  It  was  intended  that  the 
mathematical  model  would  be  used  to  analyze  the  steady  state 
performance  of  the  incorporated  system,  so  the  following 
assumptions  were  made  to  simplify  analysis  of  the  complex  heat 
transfer  process  in  the  SHP-TE: 

1 )  The  temperature  gradient  axially  and  longitudinally  across  the 
fin  and  the  wall  of  the  heat-pipe  is  neglected,  so  they  have 
a  uniform  temperature,  i.e.,  the  lumped  capacitance  model 
applies. 

2)  The  contact  thermal  resistance  and  electric  resistance  between 
any  two  parts  of  the  system  are  neglected. 

3)  The  water  jacket  containing  the  condenser  section  of  the  heat- 
pipe  and  the  thermoelectric  module  is  well  insulated  without 
any  heat  loss  to  the  surroundings. 

4)  All  the  energy  balance  equations  are  for  the  steady  state 
conditions,  so  the  thermal  capacity  of  any  parts  of  the  SHP-TEG 
system  is  neglected. 

5)  The  SHP-TEG  system  operates  under  constant  solar  radiation. 

6)  The  square  of  external  electrical  resistance  is  assumed  to  equal 
the  product  of  internal  electrical  resistance  and  external  elec¬ 
trical  resistance,  i.e.,  Rfoad  =  RteRioad- 


2.1.  Heat  balance  of  the  outer  glass  tube 

The  heat  balance  of  the  outer  tube  of  the  double-skin  glass 
evacuated-tube  may  be  given  by: 

ho-tube,amb(T0-tube  ~  T amb )  T-  h0_tube,Sky  (T0_t;Uije0  -  -  Tsky) 

=  ho-tubej-tubei^i-tubeiTi-tube  ~  T0-tube)  (1) 
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Fig.  2.  Schematic  view  of  a  thermoelectric  element. 


where  T0-tube,  T^i-tube,  Tamb  and  TSky  are  the  temperatures  of  the  outer 
and  inner  glass  tubes,  the  ambient  temperature  and  the  sky 
temperature,  respectively. 

The  convective  heat  transfer  coefficient  between  the  outer  glass 
tube  and  the  ambient,  which  may  be  given  by:  h0-tube,amb  =  3.8  +  2.7 
(wind  speed). 

The  radative  heat  transfer  coefficient  between  the  outer 
glass  tube  and  the  sky,  which  may  be  given  by:  h0_tubesky  = 

£o-tube^(^sky  ^o-tube^^sky  +  T o-tube )• 

The  convective  heat  transfer  coefficient  between  the  outer  and 
inner  glass  tubes  may  be  given  by: 


h  o - tube,  i- tube 


^  (^o-tube  +  (To-tube  +  Ti_tube) / 


■1  / £i-tube 


+^Me(l/£o_tufte_l) 

^i-tube 


insulation  between  the  copper  plates.  The  differentiating  energy 
balance  equation  for  the  thermoelement  is: 

\2  n  _i_  is  d2Tte  _ 

Jte  Pte  +  U  (3) 

Tte\ x=Lte  =  Tte-c 5  Tte |*=0  =  te-h 

where  jte  and  pte  are  electric  current  density  and  electric  resistivity 
respectively. 

Integrating  Eq.  (3)  gives  the  temperature  distribution  across  the 
thermoelement  along  the  x  axis: 

m  =  Tte_h  -  f(Tte_h  -  Tte-c)  -  ^X(X  -  Ue)  (4) 

Lte  2.l<te 

Therefore,  the  heat  flux  on  the  hot  side  and  cold  side  of  the 
thermoelement  can  be  obtained: 


where  5  is  the  Stefan-Boltzmann  constant;  e0_tube  and  Ei_mbe  are 
the  emissivity  of  the  outer  glass  tube  and  inner  glass  tube,  A0_tube 
and  Ai_tUbe  are  the  surface  areas  of  the  outer  glass  tube  and  the 
inner  glass  tube. 

2.2.  Heat  balance  of  the  inner  glass  tube  and  heat-pipe 

It  was  not  the  intention  of  this  study  to  analyze  the  detailed  heat 
transfer  through  the  inner  glass  tube,  the  heat-pipe  and  its  cross  fin, 
so  they  were  treated  as  a  lumped  thermal  capacitance,  that  is,  they 
have  a  uniform  temperature  and  thus  Ei-tube  =  Tbp •  The  heat  balance 
for  the  inner  glass  tube  and  heat-pipe  under  the  steady  state 
condition  may  be  given  by: 

^o-tube^i-tube^abs  =  ^o-tube, i-tube^i-tubei^hp  ~  ^o-tube) 

+  ^hp,te-h^te(Tbp  —  Tte_b)  (2) 

where  G  is  the  global  solar  irradiance,  t 0-tube  is  the  transmissivity  of 
the  outer  glass  tube,  ai_tUbe  is  the  equivalent  absorptivity  of  the 
inner  glass  tube  and  heat-pipe,  Aabs  is  the  effective  solar  absorption 
area,  Tbp  is  the  temperature  of  the  heat-pipe,  Ate  is  the  area  of  the 
thermoelectric  module,  Tte-/i  is  the  temperature  of  the  hot  side  of 
the  thermoelectric  module  and  hbpxe-h  is  the  equivalent  heat 
transfer  coefficient  between  the  heat-pipe  and  the  hot  side  of  the 
thermoelectric  module. 

2.3.  Energy  balance  of  the  thermoelectric  module 

Fig.  2  shows  one  thermoelement  consisting  of  a  P-type  semi¬ 
conductor  element,  a  N-type  semiconductor  element  and  a  thermal 


-kt 


dT(x)i 
'  dx  l*=o 


kte 

Lte 


(Tfe-h 


Tte-c) 


PteJte2  t 
2  kte  te 


(5) 


-kt 


dT(x)i 
'  dx  I  x=Lte 


kte 

Lte 


( Tte-h 


Tte-c) 


PteJ  te 

2  kte 


Lte 


(6) 


The  heat  balance  at  the  hot  side  and  cold  side  of  the  thermo¬ 
element  may  be  described  as  below  considering  heat  transfer 
through  the  insulation. 


At  the  hot  side: 


h 


hpXe-h^te-h(jhp  Tie_b)  —  Sp  te  Tte  hJ  te  A 


-  kteAP_te 

—  kteAbj_te 

At  the  cold  side: 


d  T(x) 


dx 

d  T(x) 


x=0 


$N-  te  Tte  -  bJ  teAbf- tt 


dx 


x=0 


+  kins  Ail 


Tte-h  ~  Tte-c 
Lte 


(7) 


hte-c, water Ate-c (Tte-c  ~  Tw 


=  Sp  -teTte-dte^P-n 


—  kteA 

—  k[eA 


d  T(x) 
p“te  dx 
d  T(x) 
N~te  dx 


X — Lje 


X — Lte 


~  ^N-teTte-cjte^N-te 


b.  a.  Tte-h 
Nns^ins 


—  Tte-c 
Lte 


(8) 


where  Sp_te  and  5jv_te  are  the  Seebeck  coefficients  of  the  P-type  and 
N-type  semiconductor  elements,  hte-c, water  is  the  convective  heat 
transfer  coefficient  at  the  cold  side  of  the  thermoelectric  module. 


W.  He  et  al.  /  Renewable  Energy  37  (2012)  142-149 


145 


As  I  —  jp-te^P-te  —  — TV-te^JV-te*  ^P-te  —  HteQp-te>  ^N-te  —  ^te^N-te 
and  A5  =  SP_te-SN_te,  the  energy  balance  at  the  hot  side  and  cold 
side  can  be  rewritten  as: 


hp,te-hAte-h  ( Thp  ~  Tte-h)  =  nteASTte_hI  -  rM^^(T[e_h 

nteClN-te^N-te  (T 
~  ne-c) - j - (lte-h 


-Tte- 


Lte 

b  A  Tte-h  ~  T'te-c 
'  ^ins^ins  r  vyJ 

Ete 


which  should  be  equal  to  zero  in  order  to  achieve  the  maximum 
electrical  power  output,  that  is, 


d  P 

dRload 


=  (nteAS)2 


AT2Rte  -  AT2Rload  +  2Rload(R,oad +Rte)  AT— - 

_ aKload 

(Rload  +  Rte)3 


0  (16) 


thus, 


hte-c,waterAte-c(Tte-c  ~  T'water)  —  UteASTte-cI - Pje  P  te(Tte_fj 

Ete 

Tl  te  Qn~  te  k-N— te /T 

-ne-c) - j - Khe-h 

Ete 

Tte-h  ~  T'te-c 


-Tte- 


"  Kns^ins 


Tte 


(10) 


where  nte  is  the  number  of  thermoelements,  aP-te  is  the  cross- 
sectional  area  of  thermoelement. 


2.4.  Thermal  efficiency 


2dA  T  2 
Aid Rload  l°ad 


/2RtedAT 

WdRload 


Rload  +Rte  =  0 


(17) 


which  is  complex  to  get  Rioad  expressed  with  Rte  as  variable.  In  order 
to  get  a  simple  expression  o fR/oad,  Rfoad  may  be  assumed  to 
b eRteRioad-  As  there  is  no  big  difference  between  Rte  and Rioad,  this 
assumption  would  not  cause  any  significant  error,  so  Eq.  (17)  can  be 
written  as: 


2  dAT 
AT  dR[oad 


RteRload  + 


T2Rte  dAT 

V  ^T  d Rhad 


Rload  +  Rte  =  0 


(18) 


Rearranging  Eq.  (18)  gives: 


V thermal  ~ 


hte-c, water ^(Tte-c  ~  Twater) 


GAabs 


(ID 


Rte 

4 Rte  dAT 
AT  d Rioad 


(19) 


2.5.  Load  resistance  for  the  maximum  power  output 

The  load  resistance  required  to  obtain  the  maximum  power 
output  under  a  constant  solar  irradiation  G  may  be  different  from 
that  for  the  condition  of  a  constant  temperature  different  between 
the  hot  side  and  cold  side  of  thermoelectric  module  AT.  This  may  be 
demonstrated  as  follows. 

Open  circuit  voltage  of  a  thermoelectric  module  is: 

U  =  tlte(Sp_te  —  ^N-te)(Tte-h  ~  Tte-c)  —  HteASAT  (12) 


which  represents  the  load  resistance  required  to  obtain  the 
maximum  electrical  power  output.  This  is  obviously  different  from 
the  required  Rioad  =  Rte  for  the  condition  of  constant  AT  as  well 
discussed  in  the  literature. 

For  the  constant  solar  irradiation,  the  maximum  electrical 
power  output  leads  to  the  maximum  electrical  generation  effi¬ 
ciency,  which  is  defined  by: 

V  electric  =  R/(GAaijS)  (20) 


Electrical  power  output: 


3.  Experimental  apparatus 


P=  ^  Rioad/ 


Rioad  ~TTlte 


PN-teUe  |  Pp-teUe 

aN~te  Qp-te 


-i  2 


U  Rioad/ (Rioad  +  Rte) 


(13) 


AT  =  Tte_h  -  Tte-c  and  the  internal  resistance  of  the  thermo¬ 
electric  module  is  Rte  =  nte(pN-teLte/ aN-te+ Pp-teUe /aP-te)- 
Substituting  Eq.  (12)  into  Eq.  (13)  gives: 


P  = 


(nteASAT)  Rioad 
( Rioad  +  Rte) 


(14) 


For  the  condition  of  constant  solar  irradiation  G,  AT  varies  with Rioad, 
then  differentiating  Eq.  (14)  gives: 


d P  (nteAS)2Rioad  d(AT2)  |  (nfeAS)2Ar2 
dP/oad  (Rioad  +  Rte )2  dP/oad  (Rload  +  Rte) 
2(nt£ASfAT2Rm 

(Rload  +  Tte)3 


(15) 


To  verify  the  mathematical  model  of  the  incorporated  thermo¬ 
electric  module  and  evacuated-tube  heat-pipe  solar  collector, 
a  prototype  unit  was  constructed  according  to  the  schematic 
structure  shown  in  Fig.  1.  The  photograph  and  schematic  diagram  in 
Fig.  3  show  the  test  rig  for  the  prototype  unit.  The  glass  evacuated- 
tube  had  a  length  of  1.8  m,  the  diameter  of  the  outer  glass  tube  was 
57  mm  and  that  of  the  inner  glass  tube  was  47  mm.  The  inner  glass 
tube  had  a  coated  selective  film  with  a\-tube  =  0.95.  The  condenser 
section  of  the  heat-pipe  was  fixed  on  a  thin  copper  plate  with  the 
thickness  of  1  mm  and  the  area  of  0.04  m  x  0.04  m  to  match  the 
length  and  width  of  the  thermoelectric  module.  Water  was  circu¬ 
lated  over  the  copper  plate  to  receive  the  heat  rejected  from  the 
cold  side  of  the  thermoelectric  module.  A  temperature  controller 
was  used  to  control  the  inlet  water  temperature  within  the  accu¬ 
racy  of  ±0.5  C.  As  there  was  only  one  evacuated-tube  used,  the 
water  temperature  different  between  the  inlet  and  outlet  of  the 
water  jacket  attached  on  a  single  thermoelectric  module  was  too 
small  to  be  recorded,  so  it  was  impossible  to  determine  the  thermal 
performance  of  the  prototype  unit.  However,  its  electrical  perfor¬ 
mance  could  be  readily  to  measure.  A  variable  electrical  resistor 
shown  in  Fig.  3(b)  was  used  to  give  different  value  of  the  load 
resistance,  at  which  the  voltage  and  current  output  were  measured. 
Meanwhile,  the  global  solar  irradiation  on  a  tilted  surface  where 
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Fig.  3.  Photograph  and  schematic  diagram  of  the  experimental  apparatus. 


the  prototype  unit  was  fixed  was  recorded,  so  the  electrical  effi¬ 
ciency  of  the  prototype  unit  could  be  determined. 

A  commercially  available  Bi2Te3  based  thermoelectric  module 
with  a  size  40  mm  x  40  mm  x  4.0  mm  and  a  matrix  of  nte  =  127 
thermoelements  which  had  a  length  Lte  =  1.5  mm.  The  overall 
thickness  of  ceramic  and  copper  plates  was  2.5  mm.  The  cross- 
sectional  area  ap_te  and  ajv-te  of  thermoelectric  element  was 
1.4  mm  x  1.4  mm.  The  main  thermoelectric  properties  of  the  module 
were  measured  by  the  manufacturer  at  room  temperature.  The  the 
appropriately  averaged  Seebeck  coefficient,  electrical  resistance  and 
thermal  conductivity  are  SP_te  =  -SN_te  =  2.0  x  10  4  V/K;  pP_te  = 
PN-te  =  1.0  X  10  5Qm;  kte  =  1.5  W/mK;  kins  =  0.04W/mK; 
nteAS  =  0.05  V/K,  Rte  =  2.6Q,  Kte  =  0.6  W/K. 

Fig.  4  shows  the  experimental  results  of  voltage,  current  and 
electrical  power  output  under  the  condition  of  water  temperature 


2.4- 
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Fig.  4.  Variations  of  voltage,  current  and  electrical  power  (water  temperature  30  °C, 
solar  irradiation  850  ±  20  W/m2). 


30  °C  and  solar  irradiation  850  ±  20  W/m2.  It  can  be  seen  that  the 
electrical  power  output  P  changes  with  Rioad  and  reach  the 
maximum  value  of  about  0.98  W  at  the  load  resistance  Rioad  =  3.7Q, 
which  is  about  1.42  times  Rte  but  not  equal  to  Rte  as  explained  by  Eq. 
(19).  When  Rioad  increases  further,  P  becomes  smaller  but  does  not 
change  much.  The  simulation  based  on  the  mathematical  model 
described  in  Section  2  was  also  carried  out  for  the  same  condition 
as  the  experiment  and  the  simulation  results  are  given  along  with 
the  experimental  data  in  Fig.  4.  It  is  evident  that  they  show  a  good 
agreement.  Fig.  5  shows  the  experimental  data  of  voltage,  current 
and  electrical  power  output  and  their  comparison  with  the  simu¬ 
lation  for  the  water  temperature  of  40  °C  and  solar  irradiation  of 
780  ±  15  W/m2.  The  maximum  power  output  was  obtained  when 
Rioad  was  also  about  3.7Q.  It  means  that  higher  water  temperature 


Fig.  5.  Variations  of  voltage,  current  and  electrical  power  (water  temperature  40  °C, 
solar  irradiation  780  ±  15  W/m2). 
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with  lower  solar  irradiation  may  change  the  maximum  electrical 
power  output  but  the  selection  of  Rioad  varied  little.  A  good  agree¬ 
ment  between  the  experiment  and  simulation  can  also  be  seen  in 
Fig.  5,  the  maximum  difference  is  less  than  10%. 

4.  Parametric  analysis 

After  the  mathematical  model  had  been  verified  by  the  experi¬ 
mental  data  of  the  prototype  unit,  the  simulation  was  carried  out  to 
study  the  parametric  effect  on  the  thermal  and  electric  efficiencies 
of  the  prototype  SHP-TE  unit.  The  parameters  described  in  Section  3 
were  used  as  the  base  case. 

4.1.  Water  temperature 

Fig.  6  shows  the  change  of  the  simulated  thermal  efficiency  and 
electrical  efficiency  with  water  temperature  for  the  solar  irradia¬ 
tion  of  1000  W/m2  and  the  ambient  temperature  of  25  °C.  Both 
thermal  efficiency  and  electrical  efficiency  of  the  SFIP-TE  unit 
decrease  with  increasing  water  temperature.  When  the  water 
temperature  varies  from  25  °C  to  55  °C,  the  electrical  efficiency  is 
decreased  from  1.625%  to  1.255%  while  the  thermal  efficiency  is 
decreased  from  59.36%  to  52.96%.  The  thermal  efficiency  of  solar 
heat-pipe  without  TE  is  also  shown  in  Fig.  6,  which  varies  from 
80.15%  to  75.46%.  There  is  about  20-25%  thermal  energy  reduction 
which  is  converted  into  electrical  power  by  TE. 

4.2.  Solar  irradiation 

Fig.  7  shows  the  simulation  results  of  thermal  efficiency  and 
electrical  efficiency  at  the  water  temperature  of  45  °C  for  different 
solar  irradiations.  It  is  clear  that  the  electric  efficiency  of  the  SFIP-TE 
unit  increases  with  increasing  solar  irradiation.  This  means  that  the 
surface  temperature  of  the  heat-pipe  increases  with  the  solar 
irradiation,  so  the  heat  loss  to  the  ambient  will  increase.  When  the 
solar  irradiation  is  lower,  increasing  it  may  have  larger  effect  on  the 
thermal  efficiency  than  the  increasing  heat  loss  and  power  output, 
so  the  thermal  efficiency  increases  with  the  solar  irradiation.  But, 
when  the  solar  irradiation  is  larger,  the  increasing  power  output 
and  heat  loss  may  have  larger  effect,  hence  the  thermal  efficiency 
decreases  with  increasing  solar  irradiation.  Therefore,  the  thermal 
efficiency  of  the  SFIP-TE  unit  exhibits  the  maximum  value  of  56.65% 
at  the  solar  irradiation  of  500  W/m2  for  the  condition  of  simulation. 


4.3.  Number  of  thermoelements 

The  change  of  the  simulated  thermal  efficiency  and  electrical 
efficiency  at  the  water  temperature  of  45  °C  with  the  number  of 
thermoelements  is  shown  in  Fig.  8.  It  is  obvious  that  there  is 
a  maximum  point  for  electrical  efficiency  when  the  number  of 
thermoelements  varies.  According  to  Eq.  (12), fewer  number  of 
thermoelements  in  a  thermoelectric  module  causes  lower  voltage 
and  thus  lower  electric  output  if  the  AT  is  constant.  But,  with  the 
number  of  thermoelements  increasing,  the  area  of  insulation  as 
seen  in  Fig.  2  decreases,  so  the  heat  conduction  between  the  hot 
side  and  cold  side  of  the  thermoelectric  module  increases.  This  may 
lead  to  a  smaller  AT  and  thus  a  lower  voltage  and  power  output. 
Therefore,  there  is  a  maximum  electrical  efficiency  with  increasing 
the  number  of  thermoelements.  Fig.  8  shows  that  the  optimal 
number  of  thermocelement  increases  from  50  to  80  with  increasing 
solar  irradiation  from  400  W/m2  to  1000  W/m2. 

It  can  also  be  seen  from  Fig.  8  that  the  thermal  efficiency  of  the 
SFIP-TE  unit  always  increases  with  the  number  of  thermoelements. 
This  is  because  increasing  the  number  of  thermoelements  causes 
increased  heat  conduction  through  the  thermoelectric  module, 
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thermoelements 

Fig.  9.  Thermal  and  electrical  efficiencies  vary  with  the  number  of  thermoelements  for 
various  values  of  thermal  conductivity  of  insulation. 

thus  the  thermal  efficiency  increases  while  the  electrical  efficiency 
decreases. 


4.4.  Thermal  conductivity  of  insulation 

Fig.  9  shows  the  effect  of  thermal  conductivity  of  insulation 
between  the  hot  side  and  cold  side  of  the  thermoelectric  module 
for  the  condition  of  solar  irradiation  1000  W/m2  and  water 
temperature  45  °C.  As  expected,  a  good  thermal  insulation  leads  to 
a  higher  electrical  efficiency  and  lower  thermal  efficiency.  It  can 
also  be  seen  that  the  effect  of  thermal  insulation  becomes  smaller 
with  increasing  the  number  of  thermoelements. 


5.  Conclusions 

Incorporation  of  thermoelectric  modules  with  glass  evacuated- 
tube  heat-pipe  solar  collectors  has  been  studied  through  simula¬ 
tion  and  experiment.  The  integrated  solar  heat-pipe/thermoelectric 
module  (SHP-TE)  can  be  used  for  combined  water  heating  and 
electricity  generation.  A  mathematical  model  of  the  SHP-TE  unit  has 
been  presented  to  predict  the  thermal  and  electrical  performance 
of  the  SHP-TE  for  given  solar  irradiation,  ambient  and  water 
temperatures,  geometrical  and  thermoelectric  parameters.  The 
external  load  resistance  required  for  the  maximum  power  output 
under  the  constant  solar  irradiation  has  been  derived.  The  optimum 
load  resistance  is  different  from  that  for  the  condition  of  constant 
temperature  difference  across  a  thermoelectric  module.  An  exper¬ 
imental  apparatus  has  been  set  up  to  provide  data  for  verification  of 
the  mathematical  model.  It  has  been  seen  a  good  agreement 
between  the  simulation  results  and  experimental  data.  The  verified 
mathematical  model  has  been  used  to  simulate  the  effect  of  design 
and  operation  parameters  on  the  thermal  and  electrical  efficiencies 
of  the  SHP-TE  unit.  The  simulation  results  indicate  that  for  the 
water  temperature  of  45  °C  and  the  solar  irradiation  of  larger  than 
600  W/m2  the  SHP-TE  unit  may  have  a  thermal  efficiency  of  about 
55%  and  meanwhile  have  an  electrical  efficiency  above  1%. 

Compared  with  an  organic  Rankine  cycle  system  with  about 
3-4%  electrical  efficiency  [20],  the  SHP-TE  system  has  1-2%  elec¬ 
trical  efficiency  which  is  a  little  lower  than  an  organic  Rankine  cycle 
system,  but  the  SHP-TE  system  is  simple,  and  hasn’t  any  movement 
components  and  it  is  easy  to  replace  any  units  of  SHP-TE  system. 
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Nomenclature 


T  temperature,  °C 

h  convective  or  radiative  heat  transfer  coefficient,  W/m2 

d  the  Stefan-Boltzmann  constant 

e  emissivity 

A  surface  area,  m2 

G  global  solar  irradiance,  W/m2 

t  transmissivity 

a  absorptivity 

j  electric  current  density,  A/m2 

p  electric  resistivity,  Qm 

k  thermal  conductivity,  W/mK 

L  thickness  of  a  thermoelectric  module,  m 

x  thickness  variable,  m 

S  Seebeck  coefficient,  V/I< 

a  cross-sectional  area  of  semiconductor  thermoelement,  m2 

n  number  of  thermoelements  in  a  thermoelectric  module 

R  electrical  resistance,  Q 

U  voltage,  Volt 

I  current,  A 

p  power,  Watt 

Vthermai  thermal  efficiency 

Veiectric  electrical  efficiency 

Subscripts 

o-tube  outer  glass  tube  in  a  double-skin  glass  evacuated-tube 

i-tube  inner  glass  tube  in  a  double-skin  glass  evacuated-tube 

sky  sky 

amb  ambient 

abs  solar  absorption 

hp  heat-pipe 

te  thermoelectric  module 

te-h  hot  side  of  a  thermoelectric  module 

te-c  cold  side  of  a  thermoelectric  module 

water  cooling  water 

P-te  P-type  semiconductor  thermoelement 

N-te  N-type  semiconductor  thermoelement 

load  external  electrical  resistance 
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